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PROCESSING ELECTROMAGNETIC
INTERFERENCE SIGNAL USING MACHINE
LEARNING

RELATED APPLICATIONS

This application claims the benefit, under 35 U.S.C. §
120, of U.S. patent application Ser. No. 14/458,110, filed on
12 Aug. 2014, which claims the benefit under 35 U.S.C. §
119(e), of each of the following: U.S. Provisional Patent
Application No. 61/865,448, filed 13 Aug. 2013; U.S. Pro-
visional Patent Application No. 61/924,558, filed 7 Jan.
2014; U.S. Provisional Patent Application No. 61/924,604,
filed 7 Jan. 2014; U.S. Provisional Patent Application No.
61/924,625, filed 7 Jan. 2014; U.S. Provisional Patent Appli-
cation No. 61/924.637, filed 7 Jan. 2014; U.S. Provisional
Patent Application No. 61/969,544, filed 24 Mar. 2014; U.S.
Provisional Patent Application No. 61/969,538, filed 24
Mar. 2014; U.S. Provisional Patent Application No. 61/969,
590, filed 24 Mar. 2014; U.S. Provisional Patent Application
No. 61/969,612, filed 24 Mar. 2014; and U.S. Provisional
Patent Application No. 62/000,429, filed 19 May 2014. This
application also claims the benefit, under 35 U.S.C. § 119(e),
of each of the following: U.S. Provisional Patent Application
No. 62/219,635, filed 16 Sep. 2015; U.S. Provisional Patent
Application No. 62/260,244, filed 25 Nov. 2015; and U.S.

Provisional Patent Application No. 62/260,247, filed 25
Nov. 2015. Each of these applications 1s incorporated herein
by reference.

TECHNICAL FIELD

This disclosure generally relates to electronic devices that
detect electromagnetic interference.

BACKGROUND

A first device may 1dentily a second device using a
communications channel set up between the two devices.
For example, the second device may encode i1dentification
information 1n a signal, such as a Bluetooth signal or Wi-Fi
signal, and transmit the encoded signal to the first device.
The first device may detect the signal and decode 1t 1n order
to access the encoded identification information of the
second device. However, device identification may not
occur 1f one or both devices are not capable of decoding,
encoding, transmitting, and/or recerving the signal. In addi-
tion, noise or other interference 1in the communication chan-
nel may prevent device identification.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 illustrates example electromagnetic interference
signals generated by example electronic devices.

FIG. 2 illustrates an example detection of electromagnetic
interference signals by an example detecting device.

FIG. 3 1llustrates example hardware of an example device
for detecting electromagnetic interference signals.

FIG. 4 illustrates an example method for processing and
analyzing detected electromagnetic interference signals.

FIG. 5 illustrates an example method for processing,
analyzing, and classifying EMI signals.

FIG. 6 illustrates touch detection on devices that do not
contain touch-detection capabilities.

FI1G. 7 illustrates an identification of multiple users inter-
acting with a touch-sensitive device.
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FIG. 8 illustrates an identification of a user interacting
with a touch-sensitive device.

FIG. 9 illustrates an example computer system.

DESCRIPTION OF

EXAMPLE EMBODIMENTS

Electronic devices, cables, wires, and other conductors

emit electromagnetic radiation when operating or exposed to
clectromagnetic and electronic signals. For example, power
lines, appliances, and mobile and computing devices may
emit electromagnetic radiation, which may also be referred
to as environmental electromagnetic interference (EMI) or
clectronic noise. A conductive object may couple to the EMI
in i1ts environment. For example, coupling may occur by
direct coupling (1.e., contact forming a conductive pathway)
with an object generating EMI or by capacitive coupling to
the object generating EMI. As an example, the human body
1s a slight conductor and thus may couple to, and act as an
antenna for, EMI signals. An object coupled to EMI signals
may couple to second conductive object and transmit EMI
signals to the second conductive object. For example, a
portion of a user’s body may capacitively couple to an
clectrode of a device and transmit to the electrode EMI
signals coupled to the body.
The signals received from a conductive object coupled to
EMI signals may be characteristic of the EMI signals
generated and characteristic of the object. For example, the
frequencies, bandwidth, amplitudes, and phase of EMI sig-
nals may be characteristic of the electronic components
generating the EMI and the conductive properties of the
object coupled to the EMI. FIG. 1 illustrates example
devices 110A, 110B, and 110C generating example EMI
signals 120A, 120B, and 120C, respectively. While FIG. 1
illustrates the amplitude (vertical axis) of EMI signals
generated by devices 110A, 110B, and 110C as a function of
frequency of the EMI signal (horizontal axis), this disclosure
contemplates that generated EMI signals may be represented
in any suitable form, including but not limited to the
amplitude of an EMI signal (or particular component of an
EMI signal) as a function of time.

As 1llustrated 1n FIG. 1, EMI signals generated by a
device may depend on the make, type, or model of the
device. Particular characteristics of EMI signals may depend
on the precise configuration and operation of electronic
components within a device such that devices—and/or com-
ponents within the devices—are uniquely i1dentifiable.
Moreover, EMI signals may vary based on the state or mode
ol operation of the device. For example, EMI signals may
identify that: a battery 1s charging; Bluetooth or Wi-Fi
components are operating; a display i1s operating; or that
particular content 1s displayed on a display. EMI signals may
vary based on the specific type of electronic components
used 1n a circuit, tolerance values, the specific configuration
of those components, and the electrical signals and fields
those circuits are exposed to. Thus, individual components,
circuits, and devices may be identified based on the EMI
signals individually and collectively generated by compo-
nents and collection of components. The signals can then be
processed to 1dentily the components or devices generating
the signals, 1dentily the operating mode or state of compo-
nents or devices, and/or 1dentily an object coupled to the
signals and transmitting the signals. Processing may also
associate specific signals with an environment or context of

the device detecting the EMI signals. U.S. patent application
Ser. No. 14/458,110, filed on 12 Aug. 2014 and incorporated
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herein by reference, discloses examples methods and sys-
tems for detecting and processing EMI signals, along with
associated functionality.

In particular embodiments, a device worn or held by a
user may receive signals from the user’s body that are based
on EMI coupled to the user’s body. The signals received by
the device may be processed to determine interactions
between the user and the device emitting the EMI, identify
the device emitting EMI, determine a context of the user, or
any suitable combination thereof. FIG. 2 illustrates an
example device 230 having example hardware for detecting
and processing EMI signals. As described above and 1llus-
trated in FIG. 2, EMI signals 220 generated from an object
such as device 210 are coupled to a body of a user 240, either
directly or capacitively. Device 230 1s coupled, either
directly or capacitively, to user 240 and receives EMI signals
transmitted through the user’s body. As described more fully
herein, device 230 receives and processes the EMI signals
transmitted by user 240 to determine information about
device 210, interactions between the user 240 and the device
210, and/or the context surrounding the device 230. While
FIG. 2 illustrates an example device 230 this disclosure
contemplate that EMI signals may be received and pro-
cessed by any suitable device or number of devices. For
example, device 230 may be: a wearable device such as a
watch, ring, necklace, or pendant; embedded in mobile
devices such as smart phones and tablets; embedded 1n
keyboards, mice, laptops; embedded in appliances, furni-
ture, public displays, cars (such as seats or steering wheels),
clothing, health trackers, headbands, wristbands, or acces-
sories such as backpacks. This disclosure contemplates any
suitable device having any suitable functionality, such as for
example, the wearable devices and associated functionality
described 1n U.S. Pat. No. 9,030,446 1ssued 12 May 2015
and incorporated herein by reference.

Device 230 may receive signals from user 240 by one or
more electrodes of the device 230 coupled to the user. In
particular embodiments, coupling may be direct, such that
all or part of the electrode 1s 1n contact with the user’s skin.
In particular embodiments, coupling may be indirect, such
that the electrode 1s capacitively coupled to the user. For
example, the electrode may be separated from the user by a
covering for device 230 or by the user’s clothing. This
disclosure contemplates any suitable number and configu-
ration of electrodes for receiving EMI signals from user 240.
For example, the electrode technology and configurations
disclosed i U.S. patent application Ser. No. 14/458,110,
filed on 12 Aug. 2014 and incorporated herein by reference,
for receiving EMI signals may be used, when suitable. In
particular embodiments, electrodes may be flexible enough
to conform to the contours of user 240, such as for example,
a wrist or head of user 240. In particular embodiments, one
or more electrodes of device 230 may receive EMI signals
from the environment, 1.e., other than from user 240, for
example the EMI signals described 1n U.S. patent applica-
tion Ser. No. 14/458,110.

Device 230 may include one or more components—
including hardware, software, or both—{for processing a
received EMI signal. For example, device 230 may include
components 250 for amplitying an EMI signal, components
260 for analyzing a signal, and components 270 for classi-
fying a signal.

FI1G. 3 illustrates example components of device 230 for
amplifying and processing an EMI signal. As 1llustrated 1n
FIG. 3, device 230 may include a pre-amplifier, such as low
noise trans-impedance amplifier 310. In particular embodi-
ments, a pre-amplifier may apply variable gain to the
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received signal. Device 230 may also include one or more
filters, such as low pass filter 320, to filter the output from
a pre-amplifier. Device 230 may include an amplifier, such
as variable gain amplifier 330. In particular embodiments,
the amplifier may scale the signal, for example to ensure that
the signal stays within a particular amplitude range. In
particular embodiments, the amplitude range may depend on
the desired application or functionality. In particular
embodiments, a gain associated with the amplifier may be
dynamically vanable. In particular embodiments, variable
gain of the pre-amplifier, variable gain of the amplifier, and
cutoll frequencies of the filter(s) can be controlled 1n hard-
ware, soltware, or both, depending on the application and
responsiveness required. In particular embodiments, device
230 may include an analog to digital converter (ADC) 340.
In particular embodiments, ADC 340 may have a program-
mable sampling frequency controllable by hardware, soft-
ware, or both. In particular embodiments, a device may be
tuned to use regulatory-allowed EMI emissions of a device
generating EMI and reject other sources of noise. In par-
ticular embodiments, doing so may avoid dynamically char-
acterizing EMI signals.

In particular embodiments, device 230 may include hard-
ware or soitware for analyzing EMI signals, such as signals
received by an analog front end and an ADC. FIG. 4
illustrates an example method 400 for analyzing EMI sig-
nals. At step 410, a frequency analysis of all or some of EMI
signals 1s performed, for example using a fast Fourier
transform (FFT) on the received signals. Step 410 may
calculate the frequency domain representation of the
received EMI signals or a portion the EMI signal. Certain
frequencies may be i1dentified as noise, either during this
point or any other suitable point (such as a filtering stage) in
the signal processing. In particular embodiments, a particu-
lar frequency range may be analyzed. For example, signals
in 1 to 600 kHz, 600 to 1200 kHz, or 1 to 1200 kHz may be
analyzed. In particular embodiments, signals outside of the
frequency may be 1gnored or filtered, for example by using
filter 320 of FIG. 3.

At step 420, a frequency spectrum may be parsed for
further analysis, such as for example into a particular
number (e.g., 1000) bins or 1nto bins of a particular band-
width. In particular embodiments, only a portion of the
frequency signals may be parsed.

At step 430, characteristics of the EMI signal may be
analyzed. For example, the amplitude of the signal within
cach frequency bin or range may be determined, for
example, by analyzing the power spectrum density (PSD) of
the signal. As another example, the phase of the signal may
be determined. In particular embodiments, statistical meth-
ods may be used, for example, to calculate a standard
deviation, root-mean-squared value, mean, etc. of the EMI
signal or of particular aspects of the EMI signal. While this
disclosure discusses example signal analysis that occurs 1n
the frequency domain, this disclosure contemplates any
suitable analysis, including analysis in the spatial or tem-
poral domain. Moreover, this disclosure contemplates that
any other suitable data, such as data from other sensors, may
be analyzed and characterized as appropnate to perform the
functionality described herein.

At step 440, the analyzed data may be normalized and
filtered, at which point method 400 may end. Particular
embodiments may repeat one or more steps of the method of
FIG. 4, where appropriate. Although this disclosure
describes and illustrates particular steps of the method of
FIG. 4 as occurring in a particular order, this disclosure
contemplates any suitable steps of the method of FIG. 4
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occurring in any suitable order. Moreover, this disclosure
contemplates any suitable method for analyzing EMI signals
including any suitable steps, which may include all, some, or
none of the steps of the method of FIG. 4. Furthermore,
although this disclosure describes and 1illustrates particular
components, devices, or systems carrying out particular
steps of the method of FIG. 4, this disclosure contemplates
any suitable combination of any suitable components,
devices, or systems carrying out any suitable steps of the
method of FIG. 4.

In particular embodiments, step 430 may include Princi-
pal Component Analysis (PCA) to select a lower-dimen-
sional subspace 1n which to project a raw feature vector. In
particular embodiments, the output of the PCA process
emphasizes—and may maximize—the difference i vari-
ance between each component or dimension in the lower-
dimensional subspace. The output of PCA may be transior-
mation matrix that 1s used, for example, as part of step 440.

In particular embodiments, signal analysis may include
subspace linear discriminant analysis (LDA), quadratic dis-
criminant analysis (QDA), or both. For example, signal data
consisting of N frequency bins of the PSD may be used. In
addition, changes of the EMI signal within some or all of
those N frequency bins may be analyzed as a function of
time. Step 430 may analyze the entropy and variance of each
frequency bin across known interaction events and environ-
ments 1n order to choose a subspace to project the data. In
particular embodiments, a size of the subspace may be
chosen. In particular embodiments, a size of the subspace
may vary, for example based on the intended functionality.
In particular embodiments, principal component analysis
may be performed and data projected into the subspace. In
particular embodiments, LDA or QDA may then be applied.
In particular embodiments, any combination of PCA, LDA,
and QDA may be applied.

In particular embodiments, signal analysis may apply
regression methods to EMI signals, for example to deter-
mine the location of a touch event on device 210. For
example, an LDA or QDA may be applied. Next, the
distance in a higher dimensional space between a single
sample (pre-processed PSD) and all linear discriminants
may be calculated. Finally, a regression model may be
trained to {it these distances to the specific location of the
touch event 1n the two dimensional space of the display
using, ¢.g., Cartesian coordinates.

In particular embodiments, signal analysis may include
step localized binary search methods, for example to localize
a touch event on device 210. For example, an N-bins
dimensional PSD-space of the signal in order may be
analyzed to build a tree of classifiers to predict the location
of the point of interaction with the device. In particular
embodiments, the overall model may be restricted to binary
trees. For each sample, the most outer classifier 1s chosen
and used to split the area into two parts depending of the
variances and other statistical metrics of the features (e.g.,
the FFT bins). The search method then estimates which of
the two areas the sample belongs to by scoring the areas with
a probability score and selecting the area with the highest
probability score. The search method may then navigate
down the tree of classifiers, each time splitting one area into
two sub-areas. Finally, a specific area of the device 1s
estimated as the location at which the touch event took
place.

In particular embodiments, device 230 (or any other
suitable processing device) may process signals received
from user 240 at pre-determined intervals, such as every
second. In particular embodiments, the processing device
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may sample more frequently after one or more EMI signals
of interest are detected. In particular embodiments, the
processing device may apply processing to all recerved
signals (e.g., all signals in the entire bandwidth), and then
focus processing resources on particular bandwidths of
interest once EMI signals 1n those bandwidths are identified.
In particular embodiments, the processing device may look
at particular bandwidths of interest based on a desired
functionality, for example bandwidths at which a device of
interest transmits characteristic EMI signals. In particular
embodiments, a processing device may determine changes
in EMI signals by subtracting background signals or previ-
ously received EMI signals from currently received EMI
signals.

This disclosure contemplates that any suitable hardware,
soltware, or both may perform any of the signal processing
and analysis steps discussed herein. Moreover, this disclo-
sure contemplates that device 230 may be all or part of any
object that can couple to the user, either directly or capaci-
tively. In particular embodiments, certain components or
aspects described as being performed by device 230 or
specific components of device 230 may be distributed across
a number of devices. For example, a device may include one
or more electrodes for recerving a signal and a transmitter
for commumnicating the signal to one or more computing
devices for all or certain processing steps. Device 230 may
be part of a network of interconnected computing devices,
and signal acquisition, processing, analysis, and classifica-
tion may be distributed across one or more other computing
devices, performed by device 230, or any suitable combi-
nation thereof.

Device 230 may include one or more components for
classifying an EMI signal. For example, device 230 may
identify an object, such as device 210, generating EMI
signals; may 1dentily an interaction between user 240 and
device 210, such as a contact or proximity of user 240 to
device 210 or a gesture performed by user 240; may locate
a portion of device 210 at which an interaction with user 240
occurs; may 1dentity an object (1n this example, user 240) to
which 1t 1s coupled; or any suitable combination thereof.

In particular embodiments, device 230 may perform one
or more calibration procedures. For example, to locate the
position of a touch event on device 210, device 230 may
instruct the user to touch device 210 at a particular location.
Device 230 may analyze and record the resulting received
EMI signal and associate the signal with the calibration
event. As another example, the device may instruct the user
to position the device on a certain body part, analyze and
record the resulting received EMI signal, and associate the
signal with that particular body part. As another example,
the device may nstruct the user to enter a particular room or
physical location, analyze and record the resulting recerved
EMI signal, and associate the signal with that particular
room or location. As another example, the device may
instruct the user to directly couple or capacitively couple the
device to the user, analyze and record the resulting received
EMI signal, and associate the signal with direct or capacitive
coupling, respectively. In particular embodiments, the
device may provide a user interface for the user to mput
particular calibration events or conditions. For example, the
device may receive feedback from a user indicating that the
user 1s interacting with a particular device, 1s performing a
particular mteraction (e.g., gesture), 1s 1n a particular loca-
tion, 1s performing a particular activity (e.g. exercising), that
a particular condition exists (e.g. that the user 1s sweating,
that 1t 1s raining outside, etc), or the like. In particular
embodiments, the device may provide pre-set calibration
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events for a user to select. In particular embodiments, the
device may allow a user to enter the user’s own customi-
zation event. In particular embodiments, a device may
include or have access to data from one or more calibration
procedures performed with one or more test devices, users,
environments, and/or conditions. For example, device 230
may include or have access to EMI signals from commonly
used smart phones or a range of user characteristics (e.g.,
age, body size or type, etc).

In particular embodiments, device 230 may calibrate to a
specific user based on the user’s body impedance. For
example, device 230 may transmit one or more test signals
between two or more electrodes coupled to the user’s body
and determine the impedance based on the transmitted and
received signals. In particular embodiments, the calibration
may be context dependent, and one calibration may be
performed and recorded when the user i1s exercising and
another when the user 1s sitting still. In particular embodi-
ments, device 230 may perform multiple calibrations, and
thus 1mpedance measurements, each corresponding to a
particular frequency or Irequency range. In particular
embodiments, such calibrations may be stored 1n a profile
for the user. In particular embodiments, recent calibrations
may be combined with past calibrations to enhance accu-
racy. In particular embodiments, more recent calibrations
may be weighted more highly than older ones.

In particular embodiments, the results of a calibration
may be used to provide feedback to a user; adjust signal
processing, analysis, or characterization, or both. For
example, 11 a calibration indicates that an electrode 1s not
making good contact with a user, the user may be notified of
that fact. As another example, device 230 may adjust the
gain of a recerved signal, for example to ensure that the
signal stays within a particular amplitude. In addition or the
alternative, device 230 may: adjust the sampling rate used to
acquire an EMI signal; may adjust cutofl frequencies used to
detect or process an EMI signal; may perform undersam-
pling, or any suitable combination thereof.

In particular embodiments, EMI signals may be used to
sense a context surrounding the device 230 or the user. For
example, at home the user may surrounded by EMI from a
TV, mobile phone, and refrigerator, while at an office the
user may be surrounded by EMI from a desktop computer,
oflice lighting, and office phone system. Received EMI
signal can thus be compared 1t to a data store associating
EMI signals with particular noise, environments, and loca-
tions. In particular embodiments, similarities between the
received EMI signal and signals in the data store may be
used along with machine learning algorithms to deduce the
user’s context, such as location and other environmental
factors. Different locations may have very diflerent noise
contexts. For example, a break room may include EMI from
the collee machine, while a meeting room may include EMI
from a large TV or projector, and as FIG. 1 1illustrates, those
devices may each produce identifiably distinct EMI signals.

FIG. § 1illustrates an example technique 500 for process-
ing, analyzing, and classifying EMI signals, for example to
identily devices, differentiate between portions of devices,
or determine proximity to a device (including contact with
a device). Particular embodiments of method 500 may
include machine learning techniques, as described more
tully herein.

Method 500 may begin at step 510, in which preprocess-
ing of EMI signals occurs. This disclosure contemplates any
suitable pre-processing may be performed, including some
or all of the steps of method 400 and the techniques
described herein. After pre-processing 1s performed, method
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500 may 1nclude step 520 for training a classification model
used to classity EMI signals. For example, step 520 may
include labeling EMI signals or particular aspects thereof
according to the class 1n which those signals belong. A class
may be one or more samples of a particular fingerprint. A
fingerprint 1s data representative of a device and, 1n particu-
lar embodiments, a particular context. In particular embodi-
ments, a {ingerprint may be EMI signals (or aspects thereot)
that are characteristic of a particular device, such as a
particular washing machine or tablet. In particular embodi-
ments, a {ingerprint may be EMI signals (or aspects thereot)
that are characteristic of a particular location and/or a
particular device 1n a particular location. For example, one
fingerprint may be characteristic of a user’s tablet in the
user’s living room (determined, for example, based on
sensor data such as EMI signals (or lack thereof) from other
devices 1n the user’s living room) and another fingerprint
may be characteristic of the same tablet but in the user’s
bedroom (again based on sensor data such as EMI signals (or
lack thereof) from other devices in the user’s bedroom). In
particular embodiments, a fingerprint may be characteristic
of a particular device at a particular time. For example, one
fingerprint may correspond to an air conditioner during the
alternoon (when the air conditioner 1s likely to be experi-
encing a relatively large load), and another fingerprint may
correspond to the air conditioner during the evening (when
the air conditioner 1s likely to be experiencing a relatively
lighter load). In particular embodiments, a fingerprint may
be characteristic of a particular device over a particular
period of time. For example, a fingerprint may correspond to
a particular automobile while the engine of that automobile
1s started. In that example, the fingerprint may correspond to
the particular EMI signals (or aspects thereol) generated by
the starting engine. In addition or the alternative, the fin-
gerprint may correspond to changes in the EMI signals over
time, such as one or more amplitude changes at a particular
frequency or range of frequencies (e.g., 1 a particular
frequency bin) over a particular period of time.

This disclosure contemplates that a fingerprint may
include any suitable aspects of a device and 1ts context. This
disclosure contemplates that multiple fingerprints with dii-
terent levels of detail may correspond to a particular device
and/or contexts. For example, a fingerprint may correspond
to “car’ generally, another to a particular model of a car,
another to a particular istance of that model of car, another
to a particular mstance 1n a particular location, another to a
particular istance at or over a particular time, and another
to a particular mstance associated with a particular activity.
In particular embodiments, some or all fingerprints associ-
ated with a classification model may be predetermined for
device 230. In particular embodiments, some or all finger-
prints associated with a classification model may be dynami-
cally determined as device 230 1s used. For example, a user
may indicate a particular fingerprint with a particular level
of granularity, and device 230 may associate the EMI signals
or aspects thereotl coincident with the user input as being
characteristic of that fingerprint. As another example, a
fingerprint may be dynamically adjusted as additional
samples associated with a fingerprint are detected and pro-
cessed by device 230. While the examples above describe
fingerprints based on the EMI signals characteristic of that
fingerprint, fingerprints may also include other sensor data.

In particular embodiments, method 500 may 1nclude step
530 for optimizing a classification model. Step 530 may
include machine-learning techniques to optimize a classifi-
cation model. For example, several training runs associated
with a particular fingerprint may be made i a controlled
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environment, and the data collected from each training run
may be associated with that fingerprint and, 1n particular
embodiments, used to update that fingerprint. As another
example, user-end training runs may be used to determine a
fingerprint, such as asking the user to walk through particu- 5
lar rooms of the user’s house and recording the EMI data
associated with each room, or asking the user to contact
different portions of a particular device and recording the
EMI data associated with each portion. In particular embodi-
ments, allirmative user feedback may be used to optimize a 10
classification model. For example, when device 230 detects
EMI signals determined to correspond to a fingerprint,
device 230 may provide a GUI to the user asking the user to
indicate whether the fingerprint 1s accurate (e.g., whether a
user did just start the engine of a car.) In particular embodi- 15
ments, lack of negative user feedback may be used to
optimize a classification model. For example, one or more
inputs, such as a particular gesture, may allow a user to
“undo” a fingerprint determination and/or Ifunctionality
associated with that determination. A fingerprint determina- 20
tion may be determined to be accurate unless a user has
provided input undoing that determination or functionality
associated with that determination. In particular embodi-
ments, EMI signals determined not to correspond to any
stored fingerprint may be discarded. In particular embodi- 25
ments, data associated with several devices 230 may be
collected and used to optimize a classification model. For
example, fingerprints (perhaps from two diflerent users)
associated with two separate instances of a particular tele-
vision model may be used together to update a fingerprint for 30
that television model. While this disclose describes example
techniques for model optimization, this disclosure contem-
plates that step 530 may include any suitable model opti-
mization techniques.

Method 500 may include step 540, which calculates 35
decision boundaries for a classification model. In particular
embodiments, step 540 may include determining the bound-
aries 1 an N-dimensional space corresponding to N-fre-
quency bins used for classifying an EMI signal. In particular
embodiments, step 540 may include determining the bound- 40
aries 1n a subset of the N-dimensional space, for example
using PCA techniques described more fully above. In par-
ticular embodiments, each dimension of the N-dimensional
space may correspond to the subset of frequencies ranges of
interest. In particular embodiments, LCA may be used to 45
differentiate the boundaries corresponding to different fin-
gerprints. In particular embodiments, step 540 may be
performed dynamically while device 230 1s 1n operation. For
example, EMI signals detected by a device may be deter-
mined to correspond (or not to correspond) to a particular 50
fingerprint. That determination may be used to update the
dimensions of interest 1n the N-dimensional space, to update
the boundaries between one or more fingerprints, or both.

Although this disclosure describes and illustrates particu-
lar steps of the method of FIG. § as occurring 1n a particular 55
order, this disclosure contemplates any suitable steps of the
method of FIG. 5 occurring 1n any suitable order. Moreover,
this disclosure contemplates any suitable method for pro-
cessing, analyzing, and classitying EMI signals including
any suitable steps, which may include all, some, or none of 60
the steps of the method of FI1G. 5. Furthermore, although this
disclosure describes and illustrates particular components,
devices, or systems carrying out particular steps of the
method of FIG. 5, this disclosure contemplates any suitable
combination of any suitable components, devices, or sys- 65
tems carrying out any suitable steps of the method of FIG.
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In practical embodiments, EMI signals detected by device
230 are evaluated against the classification model con-
structed by method 500. In particular embodiments, such
signals may be evaluated by preprocessing raw EMI signal
and evaluating the fingerprint(s) that the signal belongs to (1f
any) by evaluating the preprocessed signal against the
N-dimensional space (or subset of N-dimensional space)
constructed by method 500. As described above, EMI sig-
nals may also be used to update the classification model
constructed by method 500.

In particular embodiments, one or more devices may use
estimated context to provide particular functionalities. For
example, when a user approaches a printer, queued docu-
ments may be automatically printed. As another example, a
shared device, such as a display for displaying presentations,
may be automatically controlled by a user when the user 1s
near the device. In particular embodiments, a user may
configure functionalities associated with a particular con-
text. For example, a user may input rule that are triggered or
are 1n part based on a particular context being sensed. While
the examples above discuss context in terms of location and
the presence of electronic devices, this disclosure contem-
plates detecting context from any suitable signals from any
suitable object, such as the humidity, a user’s activity rate,
a time of day, or any other suitable context of the user.

In particular embodiments, device 230 may communicate
with device 210. For example, device 210 may transmit
communication signals encoded in EMI signals to device
230. Device 210 may generate such signals by, for example,
moditying the display (e.g. turning on and off at least a
portion of the display, dimming at least a portion of the
display, etc.), turning a Wi-Fi1 module or Bluetooth module
on and ofl, or enabling or disabling any particular circuitry

in a predetermined pattern. On high framerate displays,
modification of the display may be done 1n between frames
of the visual content. In particular embodiments, the fre-
quency of the communication signals may be 1n a predeter-
mined portion of the electromagnetic spectrum. As
explained by these examples, device 210 may communicate
with device 230 using device 210°s existing hardware, even
il one or both devices are not capable of communicating
using a particular communications technology. In particular
embodiments, both devices may execute or access software
identifving a predetermined protocol for encoding and
decoding communication signals.

In particular embodiments, device 230 may communicate
directly with device 210, for example using a Wi-F1 or
Bluetooth connection. In particular embodiments, device
230 may sense and identity device 210 and establish a
communication session over any suitable communications
technology.

In particular embodiments, a piece of hardware may be
attached to device 210 to transmit or facilitate transmission
of EMI signals. For example, the hardware may include
resonators that amplity and filter specific frequency compo-
nents from the device. Such hardware may include dongles,
stickers, tags, or any other suitable hardware.

EMI signals recerved by device 230, whether 1n raw or
processed form (such as signals processed according to
method 400 of FIG. 4, method 500 of FIG. §, or both) may
be used for a number of functionalities. For example, such
signals may be used to identify the source of the EMI
signals, communicate with the source, 1dentily a user, 1den-
tify a context of the user or device 210, or any other suitable
functionality. In particular embodiments, functionality may
be provided by comparing received signals or aspects of
received signals to reference data 1n a data store associating,
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functionality with particular EMI signals or particular
aspects of those signals. This disclosure contemplates that
such data may take any suitable form, such as a profile for
device 210, a profile for a device or object generating the
EMI signals, a profile for user 240, a profile for the sur-
rounding context, a record 1n a database, or any suitable
combination thereof. Based on the comparison, a device
making the comparison, which may be device 230 or any
other suitable computing device, may determine to initiate a
particular functionality, 1ignore the signal, store the signal,
perform further processing on the signals, characterize the
signals as noise, or any suitable combination thereof. In
particular embodiments, device 230 may include all or some
ol the reference data. In particular embodiments, data stored
by device 230 may be particular to the user, e.g. based on
calibration described above. In particular embodiments,
reference data may be stored on any suitable computing
device. In particular embodiments, data may be representa-
tive of an aspect of a user 240, such as based on traiming,
performed with, or data collected from, a set of users having
one or more similar characteristics (e.g., age, sex, location,
etc.) to user 240. In particular embodiments, signals or
characteristics of signals may be stored and used to refine
reference data. In particular embodiments, data may be used
by machine learning algorithms to revise data to ensure
more accurate classification of EMI signals and signals
characteristics. In particular embodiments, such algorithms
may use mnput from a user, such as input indicating whether
a particular functionality should have been or should not
have been performed in response to a particular signal.

As described above, EMI signals received by a device can
be used to 1dentily the source of the EMI signals at the object
(e.g., device), circuit, or component level. Using EMI sig-
nals to 1dentify a source allows 1dentification without requir-
ing signals specifically intended to be used for 1identification.
As described above, the EMI signals (such as PSD infor-
mation, phase information, or any suitable aspect) charac-
teristic to particular objects may be stored using any suitable
data structure. In particular embodiments, a user can also
add devices to the database by explicitly identifying one or
more devices that are transmitting EMI signals to the
receiving device. The recerving device (or any other suitable
computing device) may then correlate the signals with the
identified device. In particular embodiments, data charac-
teristic EMI signals of a device may be determined by
testing the device, or a representative device similar to the
device, identiiying the resulting EMI signals, and storing the
signals or aspects of the signals 1 connection with the
identification of the device. In particular embodiments, such
data may be included on device 230, may be stored in a
location accessible by several different devices 230 (such as
in a database on a server device), or both.

In particular embodiments, device 1dentification may take
into account any other suitable data, such as context, the
identity of a user, or both. In particular embodiments, a
device’s state or mode of operation may be 1dentified along
with or as an alternative to device identification. For
example, a device’s operational state, 1.e. the components
operating within the device and the particular mode of
operation of those components, may be identified from EMI
signals. For example, display patterns on a display or
inductors such as Bluetooth or Wi-F1 modulations may be
sensed based on the EMI signals particular to those com-
ponents during particular modes of operation.

In particular embodiments, device 1dentification may be
used to provide notifications to a user. For example, a user
could associate reminders or notes with particular devices.
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For example, a user contacting a collee machine may be
reminded of upcoming appointments, to buy more coflee, or
the like. In particular embodiments, device identification
may be used 1n association with device state information to
provide functionality to a user. For example, device 230 may
detect a change in EMI signals from a device such as an oven
or washing machine indicating that the device has finished
operating. Thus, the user may be informed that the oven has
finished cooking or that the washing machine has finished 1ts
wash cycle. As another example, device 230 may track a
length of time of an operational state of a device, such has
the amount of time a television, computer, or video game
console has been powered on. In particular embodiments,
device and state identification may be used to log data
regarding a device’s operation. Such logs may include when
an event, such as data transier, happens, for how long it
happens, how frequently 1t happens, etc.

In particular embodiments, device and state information
may be used along with communication between devices to
provide personalized functionality. For example, device 230
could identity a particular device and its state, and then
communicate the identity of itself or an associated user to
the 1dentified device. The device generating the EMI signals
may then access settings or other data that customizes the
user’s experience. For example, a coflee machine could
brew a user’s predetermined brew, a television set could tune
to a predetermined channel, etc. As another example, a
device generating EMI signals may not have touch capabil-
ity 1tself but may detect touches communicated from device
230. Device 230 may detect contact between the user and the
device generating the EMI signals and then commumnicate
such contact to the device. The device may then display
content or provide functionality in response to the commu-
nicated contact event. In particular embodiments, device 230
may use detected EMI signals to determine a background
noise level for use by other devices or sensors. For example,
information about sensed EMI signals may be used to
enhance a GPS location or tune a communication channel 1n
a noisy environment.

In particular embodiments, device 230 may detect a user’s
contact with or proximity to (such as hovering near) another
device transmitting EMI signals. Thus, the transmitting
device may be provided with touch-sensitive functionality,
even 1f that device does not itsell contain touch-sensitive
technology. FIG. 6 i1llustrates contact between a user wear-
ing device 230 and a number of common household devices
that generate EMI signals. Contact with those devices may
be sensed by device 230, even though such devices do not
themselves have touch-sensitive capabilities.

In particular embodiments, a touch or interaction event
may be localized to a specific portion of a device. For
example, EMI emissions may not be uniform along the
physical dimensions of a device, for mstance because the
hardware that 1s emitting them 1s placed at different physical
locations 1n the device. By analyzing the EMI signals
captured by the user’s body when touching or coming near
a device, the specific portion of the device the interaction 1s
on or near may be determined based on the uniqueness of the
EMI signal.

In particular embodiments, device 230 may detect and
differentiate between contact and near-contact interactions,
such as gestures performed 1n contact with a display com-
pared to gestures performed above a display, by: adjusting
the gain of a recetved EMI signal; adjusting the sampling
rate used to acquire an EMI signal; adjusting cutoil frequen-
cies used to detect or process an EMI signal; performing
undersampling, or any suitable combination thereof. Thus,
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devices without touch-sensitive technology may be provided
with three-dimensional gesture functionality due to detec-
tion by device 230 of proximity, including gestures. In
particular embodiments, proximity and contact measure-
ments may be combined with output from other sensors,
such as an accelerometer or any other suitable sensor on
device 230, to detect gestures.

This disclosure contemplates that any device that gener-
ates EMI signals may be provided with any suitable touch
functionality. For example, device 230 may warn a user
when the user comes near a device, such a high-temperature
or high-voltage device. As another example, a user may
interact with content displayed on a device. Device 230
detects contact and communicates the contact to the touched
device, which then executes the appropriate functionality.
Gesture functionality that incorporates touch or hovering
may also be detected. For example, a user may navigate
among slides of a displayed slideshow by performing swip-
ing gestures, which are sensed by device 230 due to changes
in EMI received as the user moves relative to the displaying
device. Such gestures may be sensed by any suitable sensor
in addition to the electrodes sensing EMI coupled to the user,
such as for example an accelerometer or a gyroscope. In
particular embodiments, touch detection may be combined
with device i1dentification to provide functionality to a user,
such as device-specific notifications once the user comes
near or mnto contact with the device.

In particular embodiments, a device’s circuitry, such as
transducer circuitry, may be used to encode and transmit
messages 1n EMI signals to device 230. For example, state
changes 1n circuitry (such as turning on or off, or entering a
sleep mode) create a change in the detected EMI signal.
Intentional modulation of such signals may thus encode EMI
signals with communications to device 230. For example, a
device’s display may flash different colors at different inter-
vals, may have speakers that create sounds at diflerent
frequencies (audible, maudible, or both) 1n different inter-
vals, may switch on or off components such as a fingerprint
reader at certain intervals, or any other suitable modulation.

In particular embodiments, communication may be used
for device or user authentication. For example, a device and
device 230 may be paired by a communication channel, such
as for example Bluetooth. The user may contact the device,
such as the screen of the device, which may turn on the
screen and triggers the screen to tlash a certain pattern using
different colors. The flashing can happen at the portion of the
screen underneath the finger contacting the screen, thus
making the process invisible to the user. This pattern gen-
crates EMI signals that couple to the user and are thus
received by device 230, which decodes the signals and sends
an unlock token to the device over the Bluetooth connection.
The device 1n this example may be any suitable device, such
as for example a mobile phone, a tablet, a laptop, a desktop
computer, a vehicle, a door or gate entry system, or any other
suitable device. In particular embodiments, authentication
may 1nvolve loading particular settings or data associated
with device 230, the user coupled to device 230, or both. In
particular embodiments, device 230 may act as a repository
for the passwords and unlock tokens of its associated user.
For example, a user’s passwords associated with different
devices and sources of EMI may be loaded onto device 230
and used to automatically unlock the devices when their
presence 1s sensed by device 230. This disclosure contem-
plates that communication may be unidirectional or bidirec-
tional, as appropriate.

In particular embodiments, encoded signals may be used
to transmit particular information about the device generat-
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ing EMI signals. For example, the device may transmit 1ts
MAC address by switching transducers 1n a predetermined
way. Device 230 may use the identifying information to
perform automatic device 1dentification and pairing. In par-
ticular embodiments, a user may identify particular content
to transier to a target device, which may be paired with
device 230 over any suitable communication scheme. The
user may then touch the target device that 1s to receive the
data. The target device transmits identifying information,
such as 1ts MAC address, by encoding a signal using any
suitable circuitry modulating EMI signals. Device 230 may
then establish a communication between a source device
transmitting the data and the target device. In particular
embodiments, the source device may be device 230. In
particular embodiments, source device may be another
device communicating with device 230, which instructs the
source device to establish a communication with the target
device and/or transmit data to the target device. As this
example 1llustrates, device 230 may imitiate and/or act as an
intermediary for communications between two or more
other devices.

In particular embodiments, detected EMI signals may be
used to locate a device emitting EMI signals and, 1n par-
ticular embodiments, locate a user relative to the detected
device. For example, such signals may be used to create or
improve a map of a region in which the detected device 1s
located. IT a detected device 1s at a known location (e.g.,
“bookshelf i living room,” “kitchen,” “home,” etc.) then
information about that device’s location may be used to
create a map of the user’s environment and/or locate a user
in the environment. In particular embodiments, location
signals may be used in connection with other data, such as
GPS data, Wi-Fi1 router data, cell tower data, or the like to
improve locating a user and objects 1n the user’s environ-
ment. This disclosure contemplates locating a device or user,
or mapping a user’s environment, based on any suitable
location data associated with a detected device, including
data about a room the device 1s 1n, a location 1n a room the
device 1s 1n, a building the device 1s 1n, or particular location
coordinates (such as latitude and longitude) of the device.
This disclosure contemplates that such location data may
have any suitable level of granularity. In particular embodi-
ments, location data may be used to locate a user and provide
a map of the user’s environment to the user. In particular
embodiments, location data may be used to create or supple-
ment a map of a user’s environment or locate a user relative
to a particular location or device. In particular embodiments,
location data associate with a detected device may be used
to enhance determinations of a user’s location when GPS
signals are weak, such as when a user 1s mdoors.

In particular embodiments, one or more users may be
interacting with a touch-sensitive device. Information from
the touch-sensitive device and a second device held or worn
by the user may be used to identity the users, associate the
users with particular interactions, or both.

In particular embodiments, a second device may be a
device capable of detecting EMI signals transmitted by the
user’s body, for example device 230. For example, the
second device may pair with a touch-sensitive device over a
communication link, such as Bluetooth. The touch-sensitive
device may detect a touch event and associate context data
such as a timestamp with the touch event indicating the time
at which the touch event occurred. The second device may
detect an EMI signal indicating that contact with a device
has occurred and, if not already done, may identity the
device as the touch-sensitive device. The second device may
then associate context data such as a timestamp with the




US 10,141,929 B2

15

contact indicating when the contact occurred. The second
device may communicate the timestamp to the touch-sensi-
tive device, which may then compare the recerved time-
stamp with the timestamp associated with the touch event it
detected. I1 the two timestamps are sufliciently similar e.g.,
within a certain amount of tolerance) then the touch-sensi-
tive device may conclude that the touch event and detected
contact represent the same event. Thus, the user associated
with the event may be 1dentified, either by assigning the user
or second device an 1d, by receiving imnformation form the
second device identifying the user or device, or any other
suitable means. While this example describes the touch-
sensitive device as recerving and comparing the timestamps,
this disclosure contemplates that the touch-sensitive device
may communicate its timestamp to the second device, which
may perform the comparison. This disclosure further con-
templates that each device may send its timestamp and any
other suitable information to another device, such as a server
or a user’s smart phone, which may perform the comparison
or forward the mformation to any other device to perform
the comparison.

In particular embodiments, a timestamp may be associ-
ated with a touch event at a particular point during a
continuous touch event, such as at when contact 1s first
started. It particular embodiments, a timestamp may 1dentily
a time of contact of each of several points of contact during
a continuous touch event. For example, a timestamp could
record a time of contact at regular itervals as a function of
time or distance moved relative to a touch-sensitive surface.
In particular embodiments, a timestamp may record duration
of a contact with a touch-sensitive device. For example, a
timestamp may start recording when contact 1s first 1denti-
fled and continue recording until the contact ceases. In
particular embodiments, a timestamp may identify a time
associated with each point of contact 1n a multi-touch event,
such as a multi-touch gesture. For example, if the second
device 1 the example above senses EMI signals, then each
point of contact from a multi-touch gesture may be sensed,
as more surface area of the skin 1n contact with a device
results 1n higher amplitude of the resultant EMI signal.
Moreover, contact and separation may be detected based on
the EMI signals even when the user 1s stationary.

The examples above associate a timestamp with a touch
event to determine whether a touch event 1s attributable to a
particular user. A timestamp 1s one example of context data
that may be used to associate a touch event with a user. Any
suitable time-dependent sensor reading may be used as
context data to match touch events sensed by a touch device
with touch events sensed by a second device, such as a user’s
wearable device. For example, time-dependent sensor data
from an accelerometer, microphone, or magnetic-field sen-
sor may be used to associate a touch event with a user. For
example, the mmpulse of a user’s touch event may be
detected by a touch-sensitive device. That signal may be
compared to accelerometer data captured by a wearable
device on a user as the user’s hand moves towards and on the
touched device. As another example, the motion of a user’s
hand contacting and lifting from a touch device may be
detected by, e.g., an accelerometer of a wrist-worn device,
and that motion may be compared to touch events and the
duration of touch events detected by a touch sensor, as the
touch events detected by the touched device should be
sandwiched in time between the movement of the user’s
hand to the touch device and the movement of the user’s
hand from the touch device. As another example, a micro-
phone on a wearable device may detect sounds waves
generated by a touch event, and the touch event detected
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from that signal may be compared to a touch event detected
by the touch device. This disclosure contemplates that any
suitable time-dependent sensor data may be used 1n addition
or as an alternative to timestamps to detect touch events.
This disclosure contemplates that any such sensors or com-
bination of sensors may be mcorporated in or on a touched
device or a wearable device, or both.

In particular embodiments, the 1dentity of a user associ-
ated with a touch event may be used to customize a user
experience, for example by loading or executing user-
specific data when the user 1s identified. Such data may
include specific settings, applications, and content. For
example, a user’s password keychain may be accessed when
the associated user 1s 1dentified. As another example, appli-
cations a user has purchased or 1nstalled on a device may be
loaded onto the touched device. As another example, user-
specific data within an application, such as the user’s emails,
may be loaded or accessed when the associated user 1s
identified. As another example, user identification may auto-
matically log the 1dentified user into the device, and may do
using a profile or other data specific to the user. As another
example, a user’s preferences such as a background 1mage,
screen brightness, volume setting, etc. may be loaded. As
another example, a content filter may be used, for example
when a user 1s identified as a child. As another example,
touch events may be cancelled 11 they result from a user that
1s not authorized to interact with the device or to access the
requested data or perform the requested functionality asso-
ciated with the touch event. In particular embodiments,
detecting an unauthorized user may result 1n an unlocked
device becoming locked.

As an example of functionality associated with user
identification, a first user may contact a touch-sensitive
device. The contact may be detected by a second device,
such as device 230, and the user may be identified, for
example using the procedures described above. The first user
may open an email application on the device, and the device
may load the first user’s emails accordingly. If a second user
comes mnto contact with the device and opens the email
application, that user may be 1dentified and the second user’s
email loaded accordingly. In particular embodiments, the
device may access the user’s information from a user’s
proflle stored on another device, such as a server. In par-
ticular embodiments, the user’s information may be stored
on the touched device. In particular embodiments, the user’s
information may be stored on the second device.

In particular embodiments, user identification may
enhance shared devices, applications, and data. For example,
annotations on shared documents may be distinguished
among 1dentified users.

In particular embodiments, two or more users may be
interacting with a device at the same time. Each user
interacting with a device may be identified using the
example described above, so long as each user has a second
device, such as device 230, associated with that user. More
generally, N users may be identified as long as N-1 users
have an associated second device.

FIG. 7 illustrates example 1dentifications of several users
simultaneous interacting with a touch-sensitive device. As
illustrated 1n FIG. 7, each of users 720A, 720B, and 720C
are generating touch events on a shared device such as
touch-sensitive device 710. Each user 1s wearing an example
device, wristwatch 730A, 730B, and 730C, respectively.
Each user’s touch interactions as determined by device 710
1s associated with context data such as a timestamp indicat-
ing, e.g., a time of first contact, last contact, a duration of
contacts, or the like. At the same time, each of devices 730A,
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B, and C are recording contact events and associating
context data such as timestamps with the contact events. As
illustrated 1n FIG. 7, a timestamp associated with contact
750A determined by device 730A for user 720A corresponds
to a timestamp associated with contact 740A determined by
device 710 for the touch event generated by user 720A.
Timestamps associated with contact 7508 and 750C like-
wise correspond to timestamps associated with contact 7408

and 740C, respectively. Thus, device 710, devices 720A-C,

or any other suitable device may i1dentity particular touch
events with particular users based on the correspondence
between timestamps for contacts 750A-C and timestamps
tor contacts 740A-C. In particular embodiments, device 710
may provide different output or functionality based on the
user’s identity. For example, device 710 may assign each
user an input color, and a user’s touch mput on a display of
device 710 may be displayed using that user’s assigned
color. This disclosure contemplates that the touch and time
measurements may take any suitable form, including but not
limited to the touch and time measurements 1llustrated 1n
FIG. 7. While the example of FIG. 7 illustrates touch events
occurring sequentially 1n time, this disclosure contemplates
that touch events occurring simultaneous—or touch events
that include a combination of sequential and simultaneous
touch events—may be diflerentiated using the techniques
described herein.

Contact between a user and the touch-sensitive device can
be detected using multiple on-board sensors 1n the second
device. While the examples above discuss detecting contact
using an EMI sensor, this disclosure contemplates detecting
contact using any suitable sensor or combination of sensors,
such as for example an accelerometer, microphone, or
magnetic-field sensor. In particular embodiments, the con-
tact sensed by the sensor 1s associated with a timestamp, and
that timestamp 1s compared to a timestamp associated with
a contact event detected by the touch-sensitive device. FIG.
8 1llustrates an example 1dentification of a user using data
from an accelerometer of example device 830. As indicated
in FIG. 8, user 820 wearing a wristwatch 830 and 1s
interacting with device 810. User 820 creates touch events
840A-C. Device 810 records touch events and associates
timestamps with recorded contacts 850A-C that correspond
to the touch events. In addition, an accelerometer of device
830 detects touch events 840A-C and associates timestamps
based on accelerometer data 860A-C. Each touch event may
be associated with the user by comparing the timestamps
recorded by device 810 and device 830. In particular
embodiments, an application or functionality may require
multiple tap events, as illustrated in FIG. 8, to aid in
identification of a particular user. For example, a user may
be asked to tap a display three times 1n order to log 1n to the
device or access user-specific content, such as the user’s
emails.

In particular embodiments, lag between touch events
detected by a touch-sensitive device and a second device
may be determined 1n order to accurately associate touch
events. Lag may occur due to different processing speeds
associated with different sensing technologies, to clocks that
are not completely synchronized, to delays in communica-
tion of timestamps or other context data, or any suitable
combination thereof. In particular embodiments, lag may be
determined for a particular device or sensing technology
during a calibration event, for example by asking a user to
contact a display and comparing the difference in two
timestamps each associated with two diflerent sensing tech-
nologies. In particular embodiments, one or more oflsets
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may then be applied to timestamps associated with one or
both sensing technologies to synchronize the sensing tech-
nologies.

In particular embodiments, a timestamp may be a noftifi-
cation that a touch event has been detected, 1.e. the notifi-
cation may itself be a timestamp indicating that a touch
event has just occurred. In that embodiment, a lag 1n
communication may be determined to account for the dii-
ference between the time of detection and the time the
notification 1s recerved. For example, a touch-sensitive
device and a second device may pair using, for example, a
Wi-F1 connection. The touch-sensitive device may request a
notification from the second device and compare the time of
the request to the time the notification 1s received. The
touch-sensitive device may use the diflerence between the
two times to determine an appropriate, synchronizing oil:

set.

FIG. 9 illustrates an example computer system 800. In
particular embodiments, one or more computer systems 800
perform one or more steps of one or more methods described
or illustrated herein. The processes and systems described
herein may be implemented using one or more computer
systems 800. In particular embodiments, one or more com-
puter systems 800 provide functionality described or illus-
trated herein. In particular embodiments, soitware runming,
on one or more computer systems 800 performs one or more
steps of one or more methods described or illustrated herein
or provides functionality described or illustrated herein.
Particular embodiments include one or more portions of one
or more computer systems 800. Herein, reference to a
computer system may encompass a computing device, and
vice versa, where appropriate. Moreover, reference to a
computer system may encompass one or more computer
systems, where approprate.

This disclosure contemplates any suitable number of
computer systems 800. This disclosure contemplates com-
puter system 800 taking any suitable physical form. As
example and not by way of limitation, computer system 800
may be an embedded computer system, a system-on-chip
(SOC), a single-board computer system (SBC) (such as, for
example, a computer-on-module (COM) or system-on-mod-
ule (SOM)), a desktop computer system, a laptop or note-
book computer system, an interactive kiosk, a mainiframe, a
mesh of computer systems, a mobile telephone, a personal
digital assistant (PDA), a server, a tablet computer system,
or a combination of two or more of these. Where appropri-
ate, computer system 800 may 1nclude one or more com-
puter systems 800; be unitary or distributed; span multiple
locations; span multiple machines; span multiple data cen-
ters; or reside in a cloud, which may include one or more
cloud components 1n one or more networks. Where appro-
priate, one or more computer systems 800 may perform
without substantial spatial or temporal limitation one or
more steps of one or more methods described or 1llustrated
herein. As an example and not by way of limitation, one or
more computer systems 800 may perform in real time or in
batch mode one or more steps of one or more methods
described or 1llustrated herein. One or more computer sys-
tems 800 may perform at different times or at diflerent
locations one or more steps of one or more methods
described or illustrated herein, where appropnate.

In particular embodiments, computer system 800 includes
a processor 902, memory 904, storage 906, an mput/output
(I/0) mtertface 908, a communication interface 910, and a
bus 812. Although this disclosure describes and illustrates a
particular computer system having a particular number of
particular components in a particular arrangement, this dis-
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closure contemplates any suitable computer system having
any suitable number of any suitable components in any
suitable arrangement.

In particular embodiments, processor 902 includes hard-
ware for executing instructions, such as those making up a
computer program. As an example and not by way of
limitation, to execute instructions, processor 902 may
retrieve (or fetch) the instructions from an internal register,
an internal cache, memory 904, or storage 906; decode and
execute them; and then write one or more results to an
internal register, an iternal cache, memory 904, or storage
906. In particular embodiments, processor 902 may 1nclude
one or more internal caches for data, instructions, or
addresses. This disclosure contemplates processor 902
including any suitable number of any suitable internal
caches, where appropriate. As an example and not by way of
limitation, processor 902 may include one or more nstruc-
tion caches, one or more data caches, and one or more
translation lookaside buflers (TLBs). Instructions in the
instruction caches may be copies of instructions 1n memory
904 or storage 906, and the instruction caches may speed up
retrieval of those instructions by processor 902. Data 1n the
data caches may be copies of data in memory 904 or storage
906 for instructions executing at processor 902 to operate
on; the results of previous 1nstructions executed at processor
902 for access by subsequent instructions executing at
processor 902 or for writing to memory 904 or storage 906;
or other suitable data. The data caches may speed up read or
write operations by processor 902. The TLBs may speed up
virtual-address translation for processor 902. In particular
embodiments, processor 902 may include one or more
internal registers for data, instructions, or addresses. This
disclosure contemplates processor 902 including any suit-
able number of any suitable internal registers, where appro-
priate. Where appropriate, processor 902 may include one or
more arithmetic logic units (ALUs); be a multi-core proces-
sor; or mclude one or more processors 902. Although this
disclosure describes and illustrates a particular processor,
this disclosure contemplates any suitable processor.

In particular embodiments, memory 904 includes main
memory for storing instructions for processor 902 to execute
or data for processor 902 to operate on. As an example and
not by way of limitation, computer system 800 may load
instructions from storage 906 or another source (such as, for
example, another computer system 800) to memory 904.
Processor 902 may then load the mstructions from memory
904 to an internal register or internal cache. To execute the
instructions, processor 902 may retrieve the instructions
from the internal register or internal cache and decode them.
During or after execution of the instructions, processor 902
may write one or more results (which may be intermediate
or final results) to the internal register or internal cache.
Processor 902 may then write one or more of those results
to memory 904. In particular embodiments, processor 902
executes only instructions in one or more internal registers
or internal caches or in memory 904 (as opposed to storage
906 or elsewhere) and operates only on data 1n one or more
internal registers or internal caches or in memory 904 (as
opposed to storage 906 or elsewhere). One or more memory
buses (which may each include an address bus and a data
bus) may couple processor 902 to memory 904. Bus 812
may include one or more memory buses, as described below.
In particular embodiments, one or more memory manage-
ment units (MMUSs) reside between processor 902 and
memory 904 and {facilitate accesses to memory 904
requested by processor 902. In particular embodiments,
memory 904 includes random access memory (RAM). This
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RAM may be volatile memory, where appropriate, and this
RAM may be dynamic RAM (DRAM) or static RAM
(SRAM), where appropriate. Moreover, where appropriate,
this RAM may be single-ported or multi-ported RAM. This
disclosure contemplates any suitable RAM. Memory 904
may include one or more memories 904, where appropriate.
Although this disclosure describes and 1illustrates particular
memory, this disclosure contemplates any suitable memory.

In particular embodiments, storage 906 includes mass
storage for data or instructions. As an example and not by
way of limitation, storage 906 may include a hard disk drive
(HDD), a floppy disk drive, flash memory, an optical disc, a
magneto-optical disc, magnetic tape, or a Universal Serial
Bus (USB) drive or a combination of two or more of these.
Storage 906 may include removable or non-removable (or
fixed) media, where appropriate. Storage 906 may be 1inter-
nal or external to computer system 800, where appropriate.
In particular embodiments, storage 906 1s non-volatile,
solid-state memory. In particular embodiments, storage 906
includes read-only memory (ROM). Where appropriate, this
ROM may be mask-programmed ROM, programmable
ROM (PROM), erasable PROM (EPROM), electrically
erasable PROM (EEPROM), clectrically alterable ROM
(EAROM), or flash memory or a combination of two or
more of these. This disclosure contemplates mass storage
906 taking any suitable physical form. Storage 906 may
include one or more storage control units facilitating com-
munication between processor 902 and storage 906, where
appropriate. Where appropriate, storage 906 may include
one or more storages 906. Although this disclosure describes
and 1illustrates particular storage, this disclosure contem-
plates any suitable storage.

In particular embodiments, I/O interface 908 includes
hardware, solftware, or both, providing one or more inter-
faces for communication between computer system 800 and
one or more I/O devices. Computer system 800 may include
one or more of these 1/0 devices, where appropriate. One or
more ol these I/O devices may enable communication
between a person and computer system 800. As an example
and not by way of limitation, an I/O device may include a
keyboard, keypad, microphone, monitor, mouse, printer,
scanner, speaker, still camera, stylus, tablet, touch screen,
trackball, video camera, another suitable I/O device or a
combination of two or more of these. An I/O device may
include one or more sensors. This disclosure contemplates
any suitable I/O devices and any suitable I/O interfaces 908
for them. Where appropnate, I/O interface 908 may include
one or more device or software drivers enabling processor
902 to drive one or more of these I/O devices. I/O 1nterface
908 may include one or more I/O interfaces 908, where
appropriate. Although this disclosure describes and 1llus-
trates a particular I/O interface, this disclosure contemplates
any suitable I/O interface.

In particular embodiments, communication interface 910
includes hardware, soitware, or both providing one or more
interfaces for communication (such as, for example, packet-
based communication) between computer system 800 and
one or more other computer systems 800 or one or more
networks. As an example and not by way of limitation,
communication interface 910 may include a network inter-
tace controller (NIC) or network adapter for communicating
with an FEthernet or other wire-based network or a wireless
NIC (WNIC) or wireless adapter for communicating with a
wireless network, such as a WI-FI network. This disclosure
contemplates any suitable network and any suitable com-
munication interface 910 for 1t. As an example and not by
way ol limitation, computer system 800 may communicate
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with an ad hoc network, a personal area network (PAN), a
local area network (LLAN), a wide area network (WAN), a
metropolitan area network (MAN), body area network
(BAN), or one or more portions of the Internet or a com-
bination of two or more of these. One or more portions of
one or more of these networks may be wired or wireless. As
an example, computer system 800 may communicate with a

wireless PAN (WPAN) (such as, for example, a BLU-
ETOOTH WPAN), a WI-FI network, a WI-MAX network,
a cellular telephone network (such as, for example, a Global
System for Mobile Communications (GSM) network), or
other suitable wireless network or a combination of two or
more of these. Computer system 800 may include any
suitable communication interface 910 for any of these
networks, where appropriate. Communication interface 910
may include one or more communication interfaces 910,
where appropriate. Although this disclosure describes and
illustrates a particular communication interface, this disclo-
sure contemplates any suitable communication interface.

In particular embodiments, bus 812 includes hardware,
soltware, or both coupling components of computer system
800 to each other. As an example and not by way of
limitation, bus 812 may include an Accelerated Graphics
Port (AGP) or other graphics bus, an Enhanced Industry
Standard Architecture (EISA) bus, a front-side bus (FSB), a
HYPERTRANSPORT (HT) interconnect, an Industry Stan-
dard Architecture (ISA) bus, an INFINIBAND interconnect,
a low-pin-count (LPC) bus, a memory bus, a Micro Channel
Architecture (MCA) bus, a Peripheral Component Intercon-
nect (PCI) bus, a PCI-Express (PCle) bus, a serial advanced
technology attachment (SATA) bus, a Video FElectronics
Standards Association local (VLB) bus, or another suitable
bus or a combination of two or more of these. Bus 812 may
include one or more buses 812, where appropriate. Although
this disclosure describes and 1llustrates a particular bus, this
disclosure contemplates any suitable bus or interconnect.

Herein, a computer-readable non-transitory storage
medium or media may include one or more semiconductor-
based or other imtegrated circuits (ICs) (such, as for
example, ficld-programmable gate arrays (FPGAs) or appli-
cation-specific ICs (ASICs)), hard disk drives (HDDs),
hybrid hard drives (HHDs), optical discs, optical disc drives
(ODDs), magneto-optical discs, magneto-optical drives,
floppy diskettes, floppy disk drives (FDDs), magnetic tapes,
solid-state drives (SSDs), RAM-drives, SECURE DIGITAL
cards or drives, any other suitable computer-readable non-
transitory storage media, or any suitable combination of two
or more ol these, where appropriate. A computer-readable
non-transitory storage medium may be volatile, non-vola-
tile, or a combination of volatile and non-volatile, where
appropriate.

Herein, “or” 1s inclusive and not exclusive, unless
expressly indicated otherwise or indicated otherwise by
context. Theretfore, herein, “A or B” means “A, B, or both.”
unless expressly indicated otherwise or indicated otherwise
by context. Moreover, “and” 1s both joint and several, unless
expressly indicated otherwise or indicated otherwise by
context. Therefore, herein, “A and B” means “A and B,
jointly or severally,” unless expressly indicated otherwise or
indicated otherwise by context.

The scope of this disclosure encompasses all changes,
substitutions, variations, alterations, and modifications to the
example embodiments described or 1llustrated herein that a
person having ordinary skill in the art would comprehend.
The scope of this disclosure 1s not limited to the example
embodiments described or 1illustrated herein. Moreover,
although this disclosure describes and 1llustrates respective
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embodiments herein as including particular components,
clements, feature, functions, operations, or steps, any of
these embodiments may include any combination or permu-
tation of any of the components, elements, features, func-
tions, operations, or steps described or 1llustrated anywhere
herein that a person having ordinary skill in the art would
comprehend. Furthermore, reference 1n the appended claims
to an apparatus or system or a component of an apparatus or
system being adapted to, arranged to, capable of, configured
to, enabled to, operable to, or operative to perform a
particular function encompasses that apparatus, system,
component, whether or not 1t or that particular function 1s
activated, turned on, or unlocked, as long as that apparatus,
system, or component 1s so adapted, arranged, capable,
configured, enabled, operable, or operative.

What 1s claimed 1s:

1. A method comprising:

recerving, by an electrode of a device, a signal from a

body of a user, the signal based on an electromagnetic
interference signal generated by an object that 1s exter-
nal to the device;

determining, by a computing device, one or more of the

following based on machine learning applied to the
received signal:

an 1dentity of the object;

an interaction between the user and the object; or

a context surrounding the device; and

optimizing, based on the received signal, a classification

model 1dentifying a plurality of fingerprints, wherein

optimizing the classification model comprises:

identifying a fingerprint corresponding to the received
signal;

presenting to the user an 1dentification of the fingerprint
corresponding to the received signal;

receiving, from the user, iput identifying whether the
fingerprint corresponds to the receirved signal; and

updating the classification model based on the mnput.

2. The method of claim 1, wherein 1dentifying the object
COmprises:

accessing information in a data store associating the

object with an electromagnetic interference signal or an
aspect of an electromagnetic interference signal;
comparing the received signal with the information;
determinming, based on the comparison, a similarity
between the received signal and the data store; and
in response to the determined similarity, identifying the
object associated with the information.

3. The method of claim 2, further comprising using one or
more machine learning algorithms and the recerved signal to
update the information in the data store.

4. The method of claim 1, wherein the electrode 1s part of
a wearable device.

5. The method of claim 1, further comprising 1dentifying,
based on the signal, a contact between the user and the
object.

6. The method of claim 1, wherein the object comprises
an electronic device.

7. The method of claim 6, wherein 1dentifying, based on
the signal, the device further comprises 1dentifying an oper-
ating mode of the device.

8. The method of claim 1, further comprising providing,
based on the identified object, a notification to the user.

9. The method of claim 1, wherein the machine learning
applied to the received signal comprises the classification
model 1dentifying a plurality of fingerprints.

10. The method of claim 9, wherein at least one of the
plurality of fingerprints identifies one or more of:
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a particular device;

a particular context of a particular device; or

a particular action of a particular device.

11. The method of claim 1, further comprising determin-
ing, based on the received signal, one or more boundaries for
one or more fingerprints of the classification model.

12. An apparatus comprising:

an electrode; and

one or more processors coupled to the electrode and

configured to:
determine that a signal received by the electrode from
a body of a user 1s based on an electromagnetic
interference signal generated by an object that 1s
external to the apparatus;
determine one or more of the following based on
machine learming applied to the received signal:
an identity of the object;
an interaction between the user and the object; or
a context surrounding the apparatus; and
optimize, based on the received signal, a classification
model 1dentifying a plurality of fingerprints, wherein
optimizing the classification model comprises:
identifying a fingerprint corresponding to the
received signal;
presenting to the user an 1dentification of the finger-
print corresponding to the received signal;
recerving, from the user, mput 1dentifying whether
the fingerprint corresponds to the received signal;
and
updating the classification model based on the input.

13. The apparatus of claim 12, wherein the apparatus
turther comprises a wearable device.

14. The apparatus of claim 12, wherein the machine
learning applied to the received signal comprises a classi-
fication model 1dentifying the plurality of fingerprints.

15. The apparatus of claim 14, wherein at least one of the
plurality of fingerprints identifies one or more of:

a particular device;

a particular context of a particular device; or

a particular action of a particular device.
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16. One or more non-transitory computer-readable stor-
age media embodying logic that 1s operable when executed
by one or more processors to:

determine that a signal recerved by an electrode of a

device from a body of a user 1s based on an electro-
magnetic interference signal generated by an object that
1s external to the device; and

determine one or more of the following based on machine

learning applied to the received signal:

an 1dentity of the object;

an interaction between the user and the object; or

a context surrounding the device; and

optimize, based on the received signal, a classification

model 1dentifying a plurality of fingerprints, wherein

optimizing the classification model comprises:

identifying a fingerprint corresponding to the received
signal;

presenting to the user an 1dentification of the fingerprint
corresponding to the received signal;

receiving, from the user, iput identifying whether the
fingerprint corresponds to the received signal; and

updating the classification model based on the mput.

17. The method of claim 1, wherein at least one of the
plurality of fingerprints 1s associated with at least one of: a
particular computing device, a particular location of the
particular computing device, or a particular time.

18. The apparatus of claim 12, wherein at least one of the
plurality of fingerprints 1s associated with at least one of: a
particular computing device, a particular location of the
particular computing device, or a particular time.

19. The media of claim 16, wherein at least one of the
plurality of fingerprints i1s associated with at least one of: a
particular computing device, a particular location of the
particular computing device, or a particular time.

20. The media of claim 16, wherein at least one of the
plurality of fingerprints 1identifies one or more of:

a particular device;

a particular context of a particular device; or

a particular action of a particular device.
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